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CHAPTER! 
INTRODUCTION 
Dual evaporator domestic refrigerators are capable of providing more efficient 
refrigeration than the typical single evaporator refrigerator found today. A major 
obstacle in the development of dual evaporator domestic refrigerators is frost removal. 
Frost accumulates on evaporators during the course of operation and if not removed will 
block air flow, preventing the refrigerator from cooling. A dual evaporator refrigerator 
would allocate one evaporator to cooling the freezer cabinet air and another to cooling 
fresh food cabinet air. The fresh food evaporator would need to be only a fraction of the 
size of the freezer evaporator, but would be subjected to roughly the same amount of frost 
as the single evaporator since most moisture originates in the fresh food cabinet. This 
thesis addresses the issues related to the development of dual evaporator refrigerators. 
The first objective is to analyze the moisture transport that occurs in domestic 
refrigerators. This includes evaporation inside the fresh food cabinet, the amount of 
moisture coming from outside the cabinet, and the amount of moisture that deposits on 
the evaporator. While the analysis of theresults of moisture transport is specific to the 
refrigerator model tested, the equipment and analysis can be applied to other refrigerator 
models. This is the subject of Chapter 2. 
Chapter 3 presents a qualitative analysis of frost development on evaporators. 
The test refrigerator was equipped with equipment capable of viewing frost development 
during refrigerator operation without interfering with refrigerator performance. The 
equipment is easily obtainable and the techniques are adaptable to other refrigerators. 
The development of a computer simulation which can model dual evaporators is 
the subject of Chapter 4. The computer simulation was adapted from a refrigeration 
model developed by the Air Conditioning and Refrigeration Center (ACRC) at the 
University of lllinois. 
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CHAPTER 2 
MOISTURE TRANSPORT INSIDE DOMESTIC REFRIGERATORS 
2.1 INTRODUCTION 
This chapter investigates measurement techniques to determine the factors influencing 
frost development on evaporators in domestic refrigerators and related performance 
characteristics. Results from tests using the measurement techniques are also presented. 
Focus is placed on two main sources of water, from outside refrigerator and from inside 
the fresh food cabinet. Open water sources were placed inside the fresh food cabinet and 
thermal mass was added to inside the fresh food and freezer cabinets to mimic domestic 
use. System performance was monitored by measuring temperature, humidity, and 
power. Tests show the size of surface area of water sources have a large influence on 
frost development. Analysis of the thermal load due to moisture transport is also 
presented. 
2.2 EXPERIMENTAL SETUP 
The refrigerator used in testing was a Whirlpool topmount, model ET18NK. All 
the tests on the refrigerator were completed in a lab with temperature controlled by a 
thermostat and no humidity control. 
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Figure 2.1: Thermocouple placement on evaporator. 
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Temperature measurements were made using type T thermocouple wire. The 
location of temperature measurements can be seen in Figures 2.1 and 2.2. Thermocouples 
were placed to measure evaporator air inlet and outlet temperatures, evaporator 
refrigerant inlet and outlet temperatures, ambient air temperatures, wall temperatures, and 
water temperatures. Most thermocouples were made with 24 gauge wire; however 
evaporator thermocouples (1-12) were made with 36 gauge wire that could be installed 
through the water line for the ice maker. Fresh food ambient thermocouples (19-20, and 
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Figure 2.2: Thermocouple location on refrigerator cabinet. 
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23-24) were also made with 36 gauge wire for faster response time. The fresh food 
ambient thermocouples and the 24 gauge thermocouples were connected to a data logger 
through the refrigerator gasket. To minimize the amount of external air entering the 
cabinet through the gaps at the wire-gasket interface, the gaps were covered with masking 
tape. The data logger is described in detail in Appendix A. 
Humidity measurements were made using Vaisala MultimeterMate Humidity 
probes. The probes return a reading of 1mv per 1 % of relative humidity. Humidity 
measurements outside the cabinet were made using a Cole-Parmer sling psychrometer, 
capable of ±0.5Co wetbulb and drybulb measurements. 
One 220cm2 (34in2) and two 870cm2 (135in2) water pans were used to create 
wetted surface areas of 220cm2 (small), 870cm2(medium), and 17 40cm2 (large) in the 
fresh food cabinet; values which allowed for an 800% increase in surface area. Wet 
surface area inside a refrigerator can take the form of moist foods, such as fruit, or cold 
items which accumulate condensation when outside the refrigerator, such as a container 
of milk. Early experimental runs with smaller ranges in surface area did not produce a 
wide range of results in refrigerator performance. The 1740cm2 surface area is 
approximately the largest size that can fit on one shelf and still allow for air flow through 
the wire shelf. This is important since the air from the evaporator only enters the fresh 
food cabinet at the top of the cabinet. 
Water was placed inside the refrigerator for the thermal mass. Water was placed 
in the cabinets in increments of 11.4L (3 gal); 7.6L (2 gal) in the fresh food compartment 
and 3.8L (1 gal) in the freezer up to a maximum of 45.6L. The water was contained in 
plastic one gallon containers. Water defrosted from the evaporator was collected in a 
sealed container. A flexible tube connected the evaporator drain tube to the sealed 
container. 
2.3 EXPERIMENTAL PROCEDURE 
Table 2.1 gives the test matrix of experiments. The data logger was set to record 
all data points once every minute. This frequency of data measurement allowed for a 
high level of detail; however, since the experimental runs would last between 2 days and 
4 
I week, the high frequency of measurement created very large data files. The length of 
experimental runs allowed enough time for steady state to occur as well as time for 
several defrosts. This was critical since evaporator frost can only be measured after a 
defrost. 
Table 2.1: Test matrix for moisture transport experiments. Mass is measured in 
gallons of water (3.8kg = 19a1). Shaded areas indicate tested parameters. The 
measurements were made on water mass per hour evaporated from open water 
containers and defrosted from evaporator. 
Mass in Fresh Food Mass in Freezer 
2 I 
4 2 
6 
8 4 
Water pans were measured using an electronic balance with accuracy of O.OIg. 
The surface area pans and the defrost pans were measured daily, because the defrost cycle 
activated roughly every 24 hours. The measurement of the surface area water pans 
required the fresh food door to be opened and therefore affected the results of the 
moisture transport data. The humidity values inside the fresh food cabinet rose to 9g/m3 
after a door opening, which is 7.75g/m3 above the average humidity for small pan 
conditions (which were the lowest humidity levels tested). This translates into an 
increase in the fresh food cabinet moisture of 2.89g or 0.0020 Ig/min when opened daily 
for measurement purposes. The average small pan gasket infiltration rate was 
0.OI93g/min. The effect of the door openings to measure water transport data was at 
most 10% and therefore neglected in the remaining analysis. 
2.4 EXPERIMENTAL RESULTS 
Test results reveal that increasing the wetted surface leads to gains in the 
evaporation rate. These gains increase the amount of moisture in the fresh food air and 
the amount of frost that deposits on the evaporator. Thermal mass, however, did not play 
a significant role in evaporation rates, humidity levels, or amount of frost on evaporator. 
5 
Water transport data was plotted on a water transport versus time graph as seen in Figure 
2.3 (the remaining water transport graphs are given in Appendix B). The water 
accumulated on an evaporator can only be measured after a defrost. The defrost water 
was plotted on the time graph at the time of last defrost. These points were curve fit with 
a linear least squares curve. The slopes indicate the transported water in grams per 
minute. The first day of water data was ignored because the cool down time of the 
refrigerator can create non-uniform effects, especially with warm surface water which 
increases the rate of evaporation. The differences between the evaporation per mass rate 
and the accumulation rate is attributed to the infiltration rate of water through gaskets and 
other cabinet penetrations. 
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Figure 2.3: Water transport data for 2 freezer water gallons, 4 fresh food water 
gallons, and medium water pan. 
The evaporation rate inside the fresh food cabinet is determined primarily by the 
size of the exposed surface area as seen in Figure 2.4. The evaporation rate is higher for 
the larger pans while the evaporation flux is higher for smaller pans as seen in Figure 2.5. 
The water pans were centered in the fresh food cabinet underneath the evaporator exits. 
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0.7 
-N E 0.6 
" c 
] 0.5 
CI 
-Sl 
.:c 0.4 
... 
4) 
c. 
! 0.3 
III 
a: 
c 
~ 0.2 
~ 
o 
c. 
~ 0.1 
w 
0.0 
~~ 
~ ... 
~ 
• 
- -
-
- ;6. 
-+- Small Pan (220cm2) 
r----- ___ Medium Pan (870cm2) 
--.- Large Pan (1740m2) 
o 10 20 30 40 50 
Cabinet Mass Addition (Water, kg) 
Figure 2.5: Water evaporation flux rate for moisture transport experiments. 
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All pans covered the center of the shelf, but only the larger pans extended near the cabinet 
walls. The outer regions of the cabinet were further from the evaporator exit air stream 
and most likely had lower air velocities and therefore lower convection coefficients. The 
larger pans therefore, had lower evaporation flux, but higher rates of total evaporation due 
to their larger sizes as seen in Figure 2.6. The mass transfer convection coefficient can be 
determined from the tests by equation 2.1. The driving force for the evaporation rate is 
the water vapor partial pressure difference between the evaporation pan water and the 
fresh food cabinet. Figure 2.7 shows the convection coeffecient values versus pan size. 
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Figure 2.7: Mass transfer convection coefficient for evaporation pans area. 
Figure 2.4 also shows that the evaporation rate is not changed with respect to 
thermal mass addition. It was expected that changes in thermal mass would increase the 
length of compressor on-time (runtime) by increasing the inertia of the system, but leave 
the ratio of on-time to total-time (duty cycle) unaltered since the load on the refrigerator 
is unchanged. The load does vary, however, with changes in outside air temperatures and 
humidity levels. Figures 2.8 and 2.9 give the runtimes and duty cycles for the test matrix. 
The graphs' similarity demonstrates that the runtime variation was due to the duty cycle 
variation and not cabinet mass addition. Therefore, the lack of variation in evaporation 
rate with respect to the thermal mass addition is a result of lack of runtime variation with 
respect to thermal mass addition. 
The pan water evaporates into the fresh food cabinet air. Higher rates of 
evaporation in the fresh food section cause higher humidity levels inside the cabinet. Just 
as an increase in the pan size increases evaporation; an increase in pan size increases the 
humidity levels inside the cabinet, which can be seen in Figure 2.10. The thermal 
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mass addition did not alter the humidity levels, just as it did not alter the evaporation 
rates. 
The fresh food air is cooled by passing over the evaporator which is substantially 
cooler than the fresh food cabinet air. The moisture in the air condenses on the 
evaporator and frost develops. Water vapor pressure above the saturation pressure at 
evaporation temperatures becomes frost on the evaporator. Figure 2.11 shows that just as 
an increase in pan size increases humidity, pan size also promotes frost development. 
The cabinet mass influence on the frost development is minimal. 
The water vapor which deposits on the evaporator comes not only from the 
evaporation inside the cabinet but also from sources outside the refrigerator cabinet which 
come into the cabinet, either from door openings or through the gasket during operation. 
The water infiltration rate is presented in Figure 2.12. The water infiltration rate varies 
not only with respect to the pan sizes like previous graphs, but also from cabinet mass 
addition which breaks the trend from the previous graphs. The changes in the gasket 
infiltration rate do not vary consistently with changing cabinet mass addition 
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Figure 2.10: Humidity levels for moisture transport experiments. 
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Figure 2.11: Defrost water accumulation for moisture transport experiments. 
and therefore the dominating factor of gasket infiltration is likely due to other factors. 
The water infiltration rate is plotted on Figure 2.13 with respect to the difference in water 
partial pressure differences between the fresh food cabinet air and the ambient air. The 
data shows a distinct trend of rising water infiltration for increasing difference partial 
pressure difference. The difference in vapor partial pressures is the driving force for 
gasket infiltration. Equation 2.2 can be used to detennine the gasket infiltration 
convection coefficient. Based on a perimeter of 2.36m, the gasket infiltration coefficient 
is O.0112g/minlmlkPa. 
Table 2.2 gives the results of two experiments perfonned under identical 
conditions; zero internal thennal mass and large exposed surface area. These results 
show that all experimental parameters fall within 6% of each other, except the gasket 
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infiltration water which differs by 33%, and the gasket infiltration to water vapor partial 
pressure difference, which differs by 11 %. Gasket infiltration may be more susceptible to 
closure position variation than other parameters. 
Table 2.2: Comparison of refrigerator property data taken from two runs of 
identical parameters; 0 water gallons, large water pan. 
First Run Second Run % Difference 
Defrosted Water (g/min) 0.0761 0.0806 5.91 
Evaporated Water (g/min) 0.058 0.0565 -2.59 
Eva~ water flux (g/minlm2) 0.333 0.325 -2.48 
Gasket Water (glmin) 0.0181 0.0241 33.15 
Relative Humidity (% ) 35.1 36.0 2.57 
Absolute Humidity (g/m3) 2.27 2.31 2.12 
Ambient Temperature (K) 277.5 277.7 0.04 
Duty Cycle 0.385 0.369 -4.23 
Cycles Between Defrosts 39.4 41.5 5.33 
Cycles Per Day 48.14 47.96 -0.39 
Water Vapor Difference(kPa) 0.914 1.100 20.38 
GaskeU(P wv outside-P wv fresh food) 0.0198 0.0219 10.60 
Evaporator frost not only affects the performance of the refrigerator by changing 
the evaporator effectiveness, but also by requiring energy to freeze water and 
subsequently melting. The energy required to freeze the infiltration water is 2820kJ/kg. 
The energy required to freeze evaporation water is only 334kJ/kg, because the 
evaporation of water provides a cooling effect of 2490kJ/kg before freezing. These loads 
are multiplied by the COP to determine the net energy of freezing water. For the 
purposes of this illustration, a COP of 1 will be assumed. To defrost this ice from the 
evaporator requires another 334kJ/kg of energy. This load must be multiplied by the 
efficiency of the defroster to determine the net energy. Theoretically, defrosters operate 
at an efficiency of 1, however, using equation 2.3, the calculated efficiency was 
approximately 6%. The discrepancy is due to more heat energy being provided than 
required to melt ice, resulting in a heated evaporator. Table 2.3 shows that, on average, 
(2.3) 
14 
the infiltration water was responsible for between 2.4% (theoretical defroster) and 4.2% 
(measured defroster) of the total energy usage where total energy usage is assumed to be 
93.1 W from Boughton, Clausing, and Newell (1992). Evaporation water was responsible 
for between 0.4% and 3.7% of the total energy usage. 
Table 2.3: Loading impact of moisture transport. Total load is taken from 
Boughton, Clausing, and Newell (1992). 
Water Theoretical Theoretical Measured Measured 
Transport Refrigerator Percentage Refrigerator Percentage 
Rate Loading (W) of Total Loading of Total 
(g/min) Load (W) Load 
Average 
Water 0.0282 1.482 1.592 3.941 4.234 
Infiltration 
Largest 
Water 0.0455 2.392 2.569 6.360 6.831 
Infiltration 
Average 
Water 0.0354 0.394 0.423 3.481 3.739 
Evaporation 
Largest 
Water 0.0583 0.649 0.697 5.733 6.158 
Evaporation 
2.5 CONCLUSION 
Wetted surface area contributed significantly to humidity levels and frost 
development on the evaporator. Thermal mass proved have minimal impact on the 
system. Gasket infiltration was found to be a function of the difference in water vapor 
partial pressure between the fresh food cabinet and the outside air. The gasket data 
showed scatter that indicated gasket sealing varies significantly due to door closures. 
Although the amount of evaporation inside the cabinet may be larger than gasket 
infiltration, the energy penalty is smaller than that of water vapor from the surrounding 
ambient. 
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CHAPTER 3 
FROST VISUALIZATION INSIDE DOMESTIC REFRIGERATORS 
3.1 INTRODUCTION 
Many topmount domestic refrigerators are equipped with an evaporator behind the 
freezer back wall. During the course of operation, moisture from the fresh food cabinet 
deposits as frost on the evaporator. This chapter investigates techniques to visualize the 
frost on the evaporator during operation with minimal impact on the system operation. 
Tests performed on a Whirlpool topmount refrigerator using frost visualization reveal 
how frost affects the performance of the refrigerator. The methods used to investigate 
frost development are evaluated for their accuracy and the impact on refrigerator 
operation. 
3.2 EXPERIMENTAL SETUP 
This section details the equipment setup and can be applied to other refrigerator 
testing. The refrigerator was altered to allow images of the evaporator to be recorded. 
The equipment acquired for this experiment is commercially available consisting of video 
cameras, camera supports and computers. Techniques for improving picture quality are 
discussed as well the equipment used to monitor refrigerator performance. 
Clamps Curtain Rods 
Front View 
Freezer 
Cabinet 
Cameras 
Evaporator 
Side View 
Figure 3.1: Camera placement diagram. 
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Two J ameco camera boards were installed in the freezer compartment as shown in 
Figure 3.1. The cameras require a 12V DC power supply and output black and white 
composite video. To protect the cameras, the cameras were mounted in a 12.7cm by 
5.1cm by 2.5cm plastic box using No.4 plastic screws and spacers. A hole large enough 
to accommodate the lens of the camera was cut into the lid. The outputs of the cameras 
were connected to a Snappy, a digital frame grabber produced by Play, Inc. A 486PC 
running Windows 95, operated the device and stored the pictures in 800 X 600 JPEG 
format. 
Cameras were kept in place using two curtain rods, two four-prong clamps, and 
four clamp holders as shown in Figure 3.2. The curtain rods were installed horizontally 
across the freezer cabinet and each four pronged clamp was held in place vertically by 
two clampholders; each on a different curtain rod. 
Evaporator 
Figure 3.2: Back panel and evaporator window diagram. 
Windows were installed into the back panel of the freezer to allow visual access 
of the evaporator, as seen in Figure 3.2. The windows were made from 1116" Plexiglas 
and placed on the cabinet side of the panel. The windows were attached with duct tape, 
to secure the Plexiglas in place, and silicon, to create an airtight seal. 
To provide light in the freezer cabinet, an 8 watt soft fluorescent light was 
installed. The light dimensions are 5.7cm X 3.cm X 35.6cm and the light was taped to 
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the ductwork lengthwise with the light facing toward the back of the cabinet. The light 
was placed to maximize light diffusivity and minimize glare on the camera. 
To further minimize glare and improve picture quality, many surfaces were 
covered in black. To create black surfaces, both black paper and tape as well as spray 
paint were used. Neither technique worked perfectly; the paper and tape often became 
loose while the paint suffered from fading and chipping. Reflected light off the freezer 
door was the main element decreasing picture quality although the walls, ceiling, freezer, 
and milk jugs for added mass were covered in black as well. 
Experiments were performed to determine if the use of a VCR was possible to 
provide an intermediate step in the frost visualization process, thereby allowing the 
operator freedom to review the defrost in operation. Our investigations showed that use 
of the VCR caused a significant loss in detail in the images and the loss was determined 
unacceptable. 
Thermocouples were installed on the evaporator to determine the effectiveness of 
the evaporator. Two thermocouples were secured to the evaporator on the inlet and outlet 
refrigerant tubes and insulated from air to measure inlet and outlet refrigerant 
temperatures. Five independent thermocouples were suspended O.5cm below the bottom 
of the fins and another five thermocouples were suspended O.5cm above the top of the 
fins to measure the inlet and outlet air temperatures. 
3.3 EXPERIMENTAL PROCEDURE: 
The steps taken during experimentation are detailed to facilitate analysis of 
results. The use of data taking equipment is discussed as well as the condition of the 
refrigerator during testing. 
The light and cameras were controlled from outside the cabinet and turned on and 
off for each picture. The equipment was given thirty seconds to warm up before the 
image was recorded and images of both the left and the right sides of the evaporator were 
taken at each setting. The freezer door was not opened during testing because the camera 
lenses would fog and prevent picture taking for about an hour. Temperature, power, and 
humidity values were measured and recorded using the equipment described in Chapter 2. 
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The experiment was run with two pans of water and eight gallons of water in the 
fresh food section, and four gallons of water in the freezer section. The water pans were 
weighed daily to find the rate of evaporation and the pictures taken at least once a day to 
record the development of frost. To cause an increased state of frost on the evaporator, 
the evaporator defroster was disconnected. The frost visualization equipment was 
originally used while performing the moisture transport experiments of Chapter 2, which 
were performed with defrost cycles. These experiments showed minimal frost 
accumulation with normal defrost cycling. Disconnecting the defrost heater allowed 
visual observation of frost buildup and changes in evaporator performance to be studied. 
3.4 EXPERIMENTAL RESULTS 
The results of the experiment yield information on the performance of the 
evaporator during blocked air flow conditions. The performance is related quantitatively 
and qualitatively via moisture measurements and frost visualization, respectively. This 
section also investigates the accuracy of the visual images and how the frost visualization 
affected the performance of the refrigerator. Methods to accelerate frost growth are also 
examined. 
The effectiveness of the evaporator during testing was calculated using equation 
3.1 and the results are shown in Figure 3.3. The air values used in the effectiveness 
equation were averaged with equal weighting; however, the air flow was not uniform 
across the evaporator. The effectiveness rises from an initial value of 0.45 to roughly 
0.65 after 12 hours of runtime due a couple reasons. First, because the frost fills in the 
gaps between the tubes and the fins, reducing fin-tube contact resistance (Rite and 
Crawford, 1990). Second, because the frost creates an increase in fin surface area which 
t air ,in - t air ,ant C = ----'----'---- (3.1) 
t air ,in - t refrigerant 
1 i" -
- c(-r)dt == c(-r) 
-r 0 
(3.2) 
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Figure 3.3: Effectiveness during frost buildup on a refrigerator evaporator. 
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Figure 3.4: Running Average Effectiveness of Blocked Evaporator. 
20 
more than compensates for the blocking of the air flow. Figure 3.4 shows a running 
average of the effectiveness calculated from Equation 3.2, which peaks at 24 hours. This 
figure demonstrates that higher COP could be obtained by setting the defrost timer at 
greater than the 12 hours typically used now, or by making it adaptive. The effectiveness 
then fell slowly from 0.65 to 0.59 at 108 hours due to restricting airflow. After about 108 
hours of operation time, the frost choked the air flow substantially, and the effectiveness 
steadily declines. At the end of the experiment, the refrigerator stopped cycling and 
started operating constantly. Figure 3.5 shows that at the end of the experiment, the 
freezer ambient temperature and the evaporator fan outlet temperature were rising, while 
the refrigerant and fresh food ambient temperatures were falling. The frost on the 
evaporator was not only blocking air flow but was also insulating the evaporator, 
preventing the heating of the refrigerant or the cooling of the evaporator air flow. This 
factor combined with lower airflow rate was not sufficient to cool the freezer cabinet 
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Figure 3.5: Refrigerator parameters during frost buildup on a refrigerator 
evaporator. 
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causing the refrigerator to stop cycling. The fresh food cabinet air temperature began to 
fall because the damper which regulates air flow from the evaporator to the fresh food 
compartment became stuck open by the frost. So even though the air leaving the 
evaporator was becoming warmer, it was still cold enough to cool the fresh food 
compartment, and the damper was unable to restrict the air flow. 
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Figure 3.6: Water evaporation rate for blocked evaporator refrigerator. 
The evaporation from the water pans is presented in Figure 3.6. The data points 
were least squares curve fit to determine the rate of evaporation from the pan. The curve 
does not intersect at the origin because the first day of data was during refrigerator cool 
down which increases evaporation due to constant compressor operation. The sharp 
down tum in evaporator effectiveness at 108 hours corresponds to 589g of water 
evaporated. Assuming a gasket infiltration rate of 0.0282g/min from the averaged gasket 
infiltration values of Chapter 2, the amount of frost on the evaporator at 108 hours of 
runtime was 772g. The peak effectiveness occurred at 12 hours, which was during cool 
down. Assuming that the evaporation rate during cool down is equal to the evaporation 
rate divided by the duty cycle (0.418), then the evaporation rate would be 0.148g/min. 
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Again using a gasket infiltration rate of 0.0282g1min, the amount of frost on the 
evaporator at peak effectiveness was 127g. 
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Figure 3.7: Evaporator performance under frosted conditions. Data taken from 
Rite and Crawford (1990). 
Rite and Crawford (1990) used a calorimetric wind tunnel to examine the effect of 
frost on evaporators from domestic refrigerators. The data is presented originally as VA-
value versus time and frosting rate versus time. Figure 3.7 presents VA-value versus 
frosting rate by using the average frosting rate value and by converting VA-value to 
effectiveness by equation 3.2, which assumes that there is no superheat and the surface is 
isothermal. Rite and Crawford's data shows a steady rise in effectiveness starting from 
0.27 to 0.41 at roughly 700g, where it levels off. The experiment was run with the 
evaporator flooded and the refrigerant regulated at -23C. The air flow was uniform across 
the evaporator with an air flow rate of 181/s and humidity of 72%RH. Their experiment 
was ended after 24 hours because the air flow rate could not be maintained. 
The moisture in this chapter's experiments was concentrated in the air flow at two 
of points on the evaporator, where the fresh food return air duct were located. The 
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moisture concentration caused frost concentration at these points, leading to a portion of 
the evaporator becoming blocked. This leveled off the effectiveness, as well as restricting 
air flow. Rite and Crawford's experiments did not experience this drop off in 
effectiveness because the moisture in their experiments was uniform. Their experiments 
did show a leveling off of effectiveness at roughly the same amount of frost at which the 
effectiveness in this chapter's experiments started falling significantly. 
where 
£ = 1- exp(- NTU) 
NTU= UA 
Cmin 
(3.2) 
The images taken by the frost visualization equipment can be seen in Figures 3.8 
through 3.13. For conciseness, only the pictures needed to shown frost development are 
given here. Only the right side images are presented because the frost development was 
found to be symmetrical. The complete record of pictures for both sides of the evaporator 
are in Appendix C. The figures show how the frost first developed near the center of the 
evaporator, where the fresh food inlets are located. This is expected due to the high 
quantity of moisture in the fresh food cabinet. As the center portion of the evaporator 
becomes blocked with frost, the air is pushed to the ends of the evaporator, depositing 
frost as seen in the later images. The final images show the frost covering all surfaces of 
the evaporator as the evaporator usefulness fades. The drop in evaporator effectiveness at 
108 hours occurs between Figures 9 and 10. The major difference between these pictures 
is the development of frost on the upper right hand side of the evaporator. At this point, 
the middle portion of the evaporator is completely blocked with frost, and the restricting 
of the air flow through the ends of the evaporator begin to close the last remaining open 
passage of the evaporator. All pictures have glare on the left hand side of the pictures due 
to reflection off the metallic camera holders. 
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Figure 3.8: 16 Hours of operation; effectiveness = 0.64 
Figure 3.9: 40 Hours of operation; effectiveness = 0.61 
25 
Figure 3.10: 72 Hours of operation; effectiveness = 0.58. 
Figure 3.11: 126 Hours of operation; effectiveness = 0.48. 
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Figure 3.12: 139 Hours of operation; effectiveness = 0.42. 
Figure 3.13: 190 Hours of operation; effectiveness = 0.20. 
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Immediately after testing was completed, photographs of the freezer back panel 
and evaporator were taken (Figures 3. and 3.15). Figure 3.14 shows a layer of frost 
covering the evaporator windows and figure 3.15 shows less frost on the evaporator then 
the last picture taken with the visualization equipment (figure 3.13) would suggest. 
Inspection of the evaporator found that the frost had grown outward from the evaporator 
sufficiently to reach the evaporator windows, which caused the window temperature to 
drop. At this point in the experiment, the air leaving the evaporator had a higher 
humidity then before, since frost was insulating the evaporator. The more humid 
entered the freezer compartment and deposited frost on the coldest object, the evaporator 
windows. This phenomenon is observed only in later images, beginning at 148 hours of 
operation. 
Figure 3.14: Freezer back panel immediately after testing. 
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'ThefmS:t~vel~pment pattern achieved hI this experiment may notpeifectly 
mimic·thepattem found in non-alfetedrefrigerators. The refrigerator was run with the 
eV<:tPQrator windows in.stalled and the defroster operational before this experiment was 
performed. The .. high temper~tures en the defroster causedthe Plexiglas windews to warp 
away frOm the: evaporator about O.Scm. Wnenth1sexperiment was perfotroed and the 
fr()st·att~.b0ttdmofth~~vaporator became art irnpedimentto.the aitfiow,the gap may 
havealiijw~the.$rtlpwto·byp~~·th~bloe,~~a,ild peposit frost higher on tile 
, , " . / ,.. . , . , 
evap()tatot. 
. F.gure3.1S:TJl¢ev~poratQr·immedb.telY after testing. 
.. . 
A second experiment was run under the same conditions as before except the 
exposed surfaces of water were replaced daily with wann water to accelerate the frOst 
formation. The effectiveness curve of this experiment can be seen in Figure 3.16. The 
form of the graph closely follows that of Figure 3.7, except on a shorter time scale. FrOst 
visualization images taken are very similar to those taken in the first experiment and can 
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be seen in Appendix D. Apparently, this method of accelerating frost growth will 
replicate the results of tests performed with slower frost growth rates. 
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Figure 3.16: Effectiveness during accelerated frost conditions of a refrigerator 
evaporator. 
3.5 CONCLUSION 
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Frost growth on domestic refrigerators affects refrigerator performance by causing 
a quick rise in effectiveness, followed by a slow decline, and ending in a quick de sent. 
Images taken by frost visualization equipment show how frost develops on evaporators 
initially over the fresh food images and coincides with a rise in evaporator effectiveness. 
Frost later spreads to the ends of the evaporator where air flow blockage causes a 
substantial decrease in evaporator performance. The evaporator imaging was able to 
accurately record evaporator images up to 148 hours of operation. The visualization 
equipment is therefore suitable for investigating frost and evaporator performance and 
can be applied to other domestic refrigerators. 
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CHAPTER 4 
DUAL EV APORA TOR REFRIGERATOR MODELING 
4.1 INTRODUCTION 
This chapter presents the development of a computer model of dual evaporator 
refrigerators. The chapter describes the origin of the computer model that was developed 
at the University of Illinois. The equations used to develop the model are presented as 
well. The computer model was applied to the design of a dual evaporator refrigerator 
model to determine optimal fresh food evaporator size, fan speed, and captube design. 
4.2 MODEL BACKGROUND 
The refrigeration model used in this chapter was developed at the Air 
Conditioning and Refrigeration Center (ACRC) at the University of Illinois at 
Champaign, Urbana. Two versions of the model preceded the current one, which is 
referred to as RFSIM. This chapter will provide an overview of the model. An in-depth 
description of the model can be found in Woodall and Bullard (1996). Results in 
Woodall and Bullard showed the model to be accurate within 5% for most important 
measures of performance. 
RFSIM utilizes a Newton-Raphson equation solver; which requires the number of 
governing equations and variables to be equal. The Newton-Raphson method allows 
equations to be added in any order and for parameters and variables to be switched, so 
long as the number of variables remain constant. 
Although the model is flexible enough to exchange parameters and variables, two 
standard sets of variables and parameters are usually employed. The first is the "lab 
mode" which specifies fz, the fraction of evaporator outlet air entering the freezer 
cabinet, and runtime, set to one. Lab mode calculates FrigHeater and FrezHeater which 
calculate the amount of heat added to the fresh food cabinet and freezer cabinet 
respectively, to maintain the specified cabinet temperatures. The second mode is 
"kitchen mode" which specifies FrigHeater and FrezHeater as being zero, while 
calculating runtime and the value of fz needed to keep the compartments at the specified 
temperatures. 
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In addition to operating in "design" modes as described above, with superheat and 
subcooling specified as inputs for the design operating condition, it is possible for the 
model to run in "simulation" mode to evaluate off-design performance. In that case, 
superheat and subcooling are calculated using the set of charge conservation equations 
and the finite-element subroutine simulating the captube-suction line heat exchanger. 
4.3 MODEL ALTERATIONS 
The fresh food evaporator was modeled to be located between the captube and the 
freezer evaporator. The old evaporator model equations were kept intact and are now 
referred to as the freezer evaporator equations. Since the fresh food evaporator was 
inserted upstream of the freezer evaporator, the equations were merely renumbered, 
substituted statepoint 8 for 7. The fresh food evaporator therefore consists of a single 2 
phase zone between states 7 and 8. A graphical representation of the fresh food 
evaporator can be seen in Figure 4.1. Note that X70 does not equal X8i because P7t:P8 
Refrigerant point 7 out 
taevapffanout 
taevapfout 
Air inlet 
temperature = tafrig 
Refrigerant point 7, 
14--- quality = xie 
Figure 4.1: Fresh food evaporator diagram. 
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The equations that follow are the equations that were added to the model. 
Although the model is capable of switching between variables and parameters, the 
number of variables must equal the number of equations. The parameter of each equation 
that was added as the variable is on the left side of the equation. Functions and 
subroutines are in bold. 
Equations 4.1 through 4.3 calculate the properties of the refrigerant which enter 
the fresh food evaporator. Parameters h#, p#, v# and t# refer to the enthalpy, pressure, 
volume, and temperature of the refrigerant. Xhp, TsatP, vtx are all function calls which 
calculate refrigerant properties. 
Xie = xhp(h7,P7) 
t7 = TsatP(P7,Xie) 
V7 = vtX(t7,Xie) 
4.1 
4.2 
4.3 
Equation 4.4 calculates the specific volume of the saturated liquid refrigerant that 
is needed to determine the pressure drop in the fresh food evaporator as well as the 
amount of refrigerant in the fresh food evaporator. The notation of "0" following a 
statepoint signifies saturated liquid, while "I" signifies saturated vapor. 
4.4 
The refrigerant pressure drop across the fresh food evaporator is calculated by a 
function call, dp2phACRC, in Equation 4.5 The function uses a pressure drop model 
from Souza and Pimenta (1995) and is also used for the freezer evaporator. The function 
call requires mass flow rate, diameter of the evaporator tubing, spacing of the tubing, t7, 
t71, xie, x7out, v71,v71, and v70. The pressure drop is used in equation 4.6 to determine 
the refrigerant pressure at the outlet of the fresh food evaporator. 
Dpevapf = dp2phACRC 
P70ut = P7 - dpevapf 
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4.5 
4.6 
The vapor specific volume of the refrigerant inside the fresh food evaporator is 
also needed to calculate the pressure drop in the fresh food evaporator and refrigerant 
mass inside the fresh food evaporator, TsatP and htx are both function calls for 
refrigerant properties. 
t71 = TsatP(p7out.1) 
h71 = htx(hh1) 
V71 = vtx(t71,I) 
4.7 
4.8 
4.9 
Equation 4.10 was added to allow for the modeling of a pressure drop between the 
fresh food and freezer evaporators. Equation 4.11 calculates the quality of the refrigerant 
at the exit of the fresh food evaporator. 
ps = P70ut - dpbetweenevapf 
X70ut = xhP(hS,P7out) 
4.10 
4.11 
MassEvapf in Equation 4.12 is the same function call used in the single 
evaporator model to calculate the amount of refrigerant in the fresh food evaporator 
during operation and requires the inside of the evaporator, v70, v71, v8, xie, x7 out, t7, 
t71, refrigerant flow rate, and diameter of the tubing. 
Mevapf = MassEvapf (function call) 4.12 
Alphaevapaf is the ratio of the outside evaporator area to the inside evaporator 
area and is calculated in equation 4.13. Levapf is the length of evaporator tubing while 
Devapf is the diameter of evaporator tubing. 
aevapf 
alphaevapf = . Levapf . Devapf . pI 
4.13 
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Equation 4.14 is not a residual equation but calculates an intermediate value, 
mdotaevapf, to determine the residual equation 4.15. Function va calculates the specific 
volume of air at a given temperature and pressure. The variable caevapf is the heat 
capacity of the fresh food evaporator airstream. The function call cpa calculates the 
specific heat of air at a given temperature. 
patm,taevapout 
60 . vdotevapf 
mdotevapf = -------=---
va(patm, taevapout) 
caevapf = mdotevapf . cpa( tafrig) 
4.14 
4.15 
Three equations are used to model evaporator heat transfer, an effectiveness-NTU 
equation, a refrigerant side energy balance, and a air side energy balance. The first of 
these, effectiveness-NTU, is shown in 4.17. Equation 4.16 is another nonresidual 
equation and calculates the effectiveness of the fresh food evaporator. The function call 
e2p finds the effectiveness as a function of the overall heat transfer coefficient, the area 
of the evaporator, and the heat capacity of the air stream. 
e_ evapf = e2p( uevapf . aevaf, caevapf) 
qevapf = e_evapf· caevapf . (tafrig - t7) 
4.16 
4.17 
The refrigerant side energy balance for the fresh food evaporator is shown in 
Equation 4.18. 
qevapf 
h8 = + h7 4.18 
w 
To calculate the air side energy balance, the overall heat transfer coefficient is 
needed and is calculated in equation 4.19. The subroutine UsEvap calculates the overall 
heat transfer coefficient from the air and refrigerant-side resistances, as described by 
Admiraal and Bullard (1993). 
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Uevapf = UsEvap(subroutine) 4.19 
Equation 4.21 is the third evaporator equation and uses the air side energy balance 
to determine the evaporator air outlet temperature. Equation 4.22 calculates the effect the 
fresh food evaporator fan on the outlet air temperature. Function ha determines the 
enthalpy of air at a given temperature. 
qevapf = caevapf . (tafrig - taevapfout) 
pevapffan 
ha(taevapffanout) = d f + ha(taevpfout) 
m otevap 
4.20 
4.21 
The second evaporator required a number of other variables and parameters to 
change. The old model used the variable fz. A dual evaporator system eliminates the 
damper and hence, the variable. To keep the number of variables constant, however, air 
flow rate over the fresh food evaporator was added as a variable. The ratio of air entering 
the freezer cabinet to the air entering the freezer and fresh food cabinets still exists by 
vdotevap/(vdotevap+vdotevapt), but it is not called fz. Lab mode in the dual evaporator 
model specified vdotevapf and runtime while calculating FrigHeater and FrezHeater 
need to maintain Tf and Tz while kitchen mode specifies FrigHeater and FrezHeater 
while calculating the vdotevapf and runtime needed to maintain the specified cabinet 
temperatures. 
4.4 REFRIGERATOR DESIGN 
The dual evaporator model was applied to the design of an experimental 
refrigerator. The dimensions of the refrigerator cabinet and freezer evaporator were 
known, while the fresh food evaporator, fresh food evaporator fan speed, and the fresh 
food captube (the captube from the fresh food evaporator to the freezer evaporator) had 
not been determined. Four different evaporator designs were considered for the fresh 
food evaporator. Each design differed by having three, five, seven, or nine tube passes, 
but had identical depth, width, and fin spacing. The fresh food evaporator fan speed 
needed to be determined for each evaporator to provide a sufficient amount of cooling to 
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the fresh food cabinet. The following analyses were conducted to identify desired 
operating states for the heat exchangers, so a captube could be designed accordingly. 
Equations describing the second captube connecting the freezer and the food 
compartments were not added to the model at this time. 
A separate model run was perfonned for each fresh food evaporator design to 
optimize the evaporator fan. The model was run in design conditions; ambient air 
temperature of 90°F, fresh food air temperature of 40°F, and freezer air temperature of 
5°F. In addition, the fresh food refrigerant evaporating temperature was set to 25°F 
because it was felt that such a level would be energy-efficient while allowing for a 
reasonably compact heat exchanger. If a second captube subroutine were added to the 
model, the model could calculate this temperature (or the evaporator area needed to 
achieve it). The fresh food evaporator fan speed needed to meet the load of the fresh 
food cabinet was the optimized evaporator fan speed and is presented in Table 4.1. High 
refrigerant evaporating temperatures are desired in the fresh food evaporator because it 
leaves moisture in the fresh food air, preventing foods from becoming dry. Also, since 
the air is not desiccated, less moisture is deposited onto the evaporating which extends 
the time between defrosts, and increases efficiency. 
Dual evaporator model runs were conducted in a matrix of 20°F, 25°F, and 30°F 
fresh food evaporator temperatures with ambient conditions of 60°F, 90°F, and 120°F. 
The results can be used for two purposes: assessing the robustness of the design by 
calculating the charge requirements across the range of ambient temperature; and 
determining the sensitivity to the 25°F design target. Most importantly, these results 
provide infonnation for the fresh food captube design. The fresh food evaporator fan was 
set to the optimized value, while the fresh food evaporator temperature was changed to a 
variable. The results of these tests are plotted in Figures 4.2 and 4.3. All four designs are 
plotted on the graph and overlap one another. The design parameters of the captube, 
therefore, are the same regardless of which evaporator design is chosen. 
Figure 4.2 shows the quality of the refrigerant at the exit of the fresh food 
evaporator versus the fresh food air temperature. The best captube design will be able to 
maintain a steady fresh food evaporator temperature over a range of conditions. The 
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Figure 4.2: Refrigerant exit quality versus fresh food air temperature as 
determined by the dual evaporator model. 
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Figure 4.3: Refrigerant mass flow rate versus evaporating temperature as 
determined by the fresh food evaporator. The inlet refrigerant quality for each data 
point is listed in percentage. The near horizontal lines represent constant quality. 
Dashed lines illustrate the performance of a hypothetical captube that would meet 
these requirements. 
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vertical line shows the desired 40°F fresh food air temperature. The points nearest the 
line give the design points for the fresh food captube. 
Figure 4.3 presents the mass flow rate versus the refrigerant evaporating 
temperature. Each data point on Figure 4.2 translates into a data point on Figure 4.3. For 
a fresh food captube to maintain 40°F fresh food air temperature, a captube needs to 
perform according to the design line. 
Table 4.1 gives the performance characteristics of each evaporator design 
including size, refrigerant mass variation, and fresh food evaporator fan speed. A smaller 
evaporator is desired to provide more volume for the consumer. Slower evaporator fan 
speed is desired to reduce noise, because total sound power is related to fan power. The 
latter varies according to the relation in equation 4.22. Refrigerant mass variation, the 
difference in mass from 60°F ambient air and 120°F ambient air, is to be kept low to keep 
the refrigerator performance robust. Since the refrigerator must be charged with a 
specific mass, any surplus or deficit would appear as excessive superheat of as spillover 
into the suction line. 
noise z vdotevapf 3 (4.22) 
Based on these criteria, design three is recommended. Design three is smaller in size and 
has more robust refrigerant characteristics than designs one and two. In addition, design 
three could be 4 times as quiet as design four. 
Table 4.1: Summary of results from dual evaporator modeling. 
Design Number Tube Passes Fan Speed (cfm) Refrigerant Swing (Ibm) 
1 9 11.84 0.167 
2 7 11.84 0.131 
3 5 17.93 0.095 
4 3 28.67 0.06 
4.5 CONCLUSION 
A systematic approach to modeling a dual evaporator domestic refrigerator is 
presented in this chapter. This approach was applied to the RFSIM developed by the 
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ACRC at the University of Dlinois. This computer model was used to design a dual 
evaporator refrigerator by determining the best fresh food evaporator design, fresh food 
evaporator fan speed, and the design criteria for the fresh food captube. 
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CHAPTERS 
SUMMARY 
The goal of this study was to analyze various issues of developing dual evaporator 
domestic refrigerators. The major issues addressed were moisture transport in 
refrigerators, frost development in refrigeration, and modeling of dual evaporator 
refrigerators. 
Water sources inside fresh food cabinets influence influence humidity levels and 
frost development as a function of their surface area. Water vapor infiltration through the 
cabinet gasket is a strong function of the difference in water vapor partial pressures of the 
fresh food air and the ambient air. The gasket infiltration water puts a larger load on the 
refrigerator than evaporated water due to evaporations cooling effect. 
Frost visualization can be used to analyze the effect of frost on the performance of 
the evaporator. Concentrated frost growth from fresh food inlets causes an immediate 
reduction in refrigerator performance even though a large portion of the evaporator is still 
frost free. The blockage of the final passages of air flow through the air flow cause a 
rapid decline in evaporator performance. The equipment used in these experiments was 
able to accurately detail the frost on evaporators with minimal interference to evaporator 
performance. 
Computer modeling of a dual evaporator refrigerator is presented including the 
equations used to describe the second evaporator. When applied to a refrigerator design, 
the computer model calculated the optimal fresh food evaporator size, fan speed, and 
captube design. 
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APPENDIX A 
DATA LOGGER DESCRIPTION 
The Hewlett Packard data logger used in the experiments for Chapters 2 and 3 is 
composed of an E1300B Mainframe, an E1326B Digital Multimeter, two E1347 A 16 
Channel Thermocouple Multiplexors, and E1345A 16 Channel General Purpose 
Multiplexor, and a 82341C High Performance ISA interface. The general multiplexor is 
capable of handling humidity and power measurements while the thermocouple 
multiplexors give the data logger capacity for 32 simultaneous temperature 
measurements. Trial runs with the equipment setup revealed substantial noise. To 
counter this noise, each channel (which consists of a high, low, and ground terminal) had 
the ground terminal connected to the low terminal. 
A jack panel was constructed to allow for easier equipment setup between the 
measurement devices and the multiplexors. The panel was made from a 2" X 10" X 17" 
aluminum box and consisted of two rows of eighteen Omega type T mini thermocouple 
jacks for the thermocouple multiplexors and one row of eighteen Omega type U standard 
connector jacks for the general purpose multiplexor. The jack panel terminals were 
connected to the multiplexors using Omega Extension Cable. 
The data logger was run by Cyrix MIl 300 based PC running Microsoft Windows 
95 operation system using the 82341C High Performance ISA interface. HP Vee 3.2 
software controlled the data logger and Microsoft Excel was used to record 
measurements. 
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APPENDIXB 
WATER TRANSPORT DATA 
This appendix presents the water transport data from the experiments run in 
Chapter 2. 
o Evaporation Pan Water 
X Defrost Accumulated Water 
2oo+-----------------------------------------------~--~ 
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Time (minutes) 
Figure B.l: Water transport data for 0 water gallons, small pan. 
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Figure B.2: Water transport data for 6 water gallons, small pan. 
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Figure B.3: Water transport data for 12 water gallons, small pan. 
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Figure B.4: Water transport data for 3 water gallons, medium pan. 
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Figure B.5: Water transport data for 6 water gallons, medium pan. 
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o Evaporation Pan Water 
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Figure B.6: Water transport data for 9 water gallons, medium pan. 
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Figure B.7: Water transport data for 0 water gallons, large pan; first run. 
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Figure B.8: Water transport data for 0 water gallons, large pan, second run. 
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Figure B.9: Water transport data for 6 water gallons, large pan. 
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o Evaporation Pan Water 
X Defrost Accumulated Water 
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Figure B.lO: Water transport data for 12 water gallons, large pan. 
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APPENDIXC 
FROST VISUALIZATION IMAGES FROM NON-ENHANCED FROST 
CONDITIONS 
This appendix presents evaporator pictures taken under non-accelerated frost 
conditions as described in Chapter 3. 
Figure C.l: 16 Hours of operation; effectiveness = 0.64. 
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Figure C.2: 27 Hours of operation; effectiveness = 0.63. 
Figure C.3: 40 Hours of operation; effectiveness = 0.61. 
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Figure C.4: 49 Hours of operation; effectiveness = 0.60. 
Figure C.5: 56 Hours of operation; effectiveness = 0.59. 
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Figure C.6: 67 Hours of operation; effectiveness = 0.58. 
Figure C. 7: 72 Hours of operation; effectiveness = 0.58. 
53 
Figure C.8:· 79 Hours of operation; effectiveness = 0.58. 
Figure C.9: 90 Hours of operation; effectiveness = 0.58. 
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Figure C.I0: 120 Hours of operation; effectiveness::: 0.59. 
Figure C.11: 115 Hours of operation; effectiveness:;;: 0.55. 
55 
Figure C.12: 126 Hours of operation; effectiveness = 0.48. 
Figure C.13: 139 Hours of operation; effectiveness = 0.42. 
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Figure C.14: 148 Hours of operation; effectiveness::: 0.35. 
Figure C.1S: 163 Hours of operation; effectiveness::: 0.30. 
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Figure C.16: 171 Hours of operation; effectiveness:::: 0.29. 
Figure C.17: 184 Hours of operation; effectiveness:::: 0.22. 
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Figure C.1S: 190 Hours of operation; effectiveness = 0.20. 
Figure C.19: 197 Hours of operation; effectiveness = 0.20. 
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Figure C.20: 208 Hours of operation; effectiveness = 0.17. 
Figure C.21: 211 Hours of operation; effectiveness = 0.17. 
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Figure C.22: 16 Hours of operation; effectiveness = 0.64. 
Figure C.23: 27 Hours of operation; effectiveness = 0.63. 
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Figure C.24: 40 Hours of operation; effectiveness = 0.61. 
Figure C.25: 49 Hours of operation; effectiveness = 0.60. 
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Figure C.26: 56 Hours of operation; effectiveness:::: 0.59. 
Figure C.27: 67 Hours of operation; effectiveness:::: 0.58. 
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Figure C.28: 12 Hours of operation; effectiveness = 0.58. 
Figure C.29: 19 hours of operation; effectiveness = 0.58. 
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Figure C.30: 90 Hours of operation; effectiveness::: 0.58. 
Figure C.31: 102 Hours of operation; effectiveness::: 0.59. 
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Figure C.32: 115 Hours of operation; effectiveness = 0.55. 
Figure C.33: 126 Hours of operation; effectiveness = 0.48. 
66 
Figure C.34: 139 Hours of operation; effectiveness = 0.42. 
Figure C.35: 148 Hours of operation; effectiveness = 0.35. 
67 
Figure C.36: 163 Hours of operation; effectiveness::: 0.30. 
Figure C.37: 171 Hours of operation; effectiveness::: 0.29. 
68 
Figure C.38: 184 Hours of operation; effectiveness = 0.22. 
Figure C.39: 190 Hours of operation; effectiveness = 0.20. 
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Figure C.40: 197 Hours of operation; effectiveness = 0.20. 
Figure C.41: 208 Hours of operation; effectiveness = 0.17. 
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Figure CA2: 211 Hours of operation; effectiveness = 0.17. 
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APPENDIXD 
FROST VISUALIZATION IMAGES FROM ENHANCED FROST CONDITIONS 
This appendix presents evaporator pictures taken under accelerated frost 
conditions as described in Chapter 3. 
Figure D.l : Beginning of testing; effediveness ::: 0.45 
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Figure D.2: 21 Hours of testing; effectiveness:::: 0.60. 
Figure D.3: 48 Hours of testing; effectiveness:::: 0.60. 
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Figure D.4: 70 Hours of testing; effectiveness = 0.43. 
Figure D.S: 98 Hours of testing; effectiveness = 0.25. 
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Figure D.6: 120 Hours of testing; effectiveness:::: 0.12. 
Figure D.7: Beginning of testing; effediveness :::: 0.45. 
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Figure D.8: 21 Hours of testing; effectiveness = 0.60. 
Figure D.9: 48 Hours of testing; effectiveness = 0.60. 
76 
Figure D.lO: 70 Hours of testing; effectiveness:::: 0.43. 
Figure D.ll: 98 Hours of testing; effectiveness:::: 0.25. 
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Figure D.12: 120 Hours of testing; effectiveness = 0.12. 
78 
